Infectious prion proteins cause neurodegenerative disease in mammals owing to the acquisition of an aberrant conformation. We cloned a Fugu rubripes gene that encodes a structurally conserved prion protein, and found rapid rates of molecular divergence among prions from different vertebrate classes, along with molecular stasis within each class. We propose that a directional trend in the evolution of prion sequence motifs associated with pathogenesis and infectivity could account for the origin of scrapie in mammals.
Prion proteins (PrP) are membrane-anchored glycoproteins of unknown function, with the unique ability to change their structure irreversibly from a normal a-helixrich isoform (PrP C ) to a pathological b-sheet-rich isoform known as scrapie (PrP Sc ) [1] . This transformation can occur in an autocatalytic manner or with the aid of a hypothetical 'Protein X' [2] , leading to the accumulation of insoluble PrP Sc aggregates in the brain. These aggregates cause transmissible spongiform encephalopathies (TSE), a group of lethal, neurodegenerative diseases described only in mammals (e.g. kuru and CreutzfeldtJacob in humans, scrapie in sheep, and BSE or 'mad cow' disease in cattle) [3] . Transmission of prion disease between species depends on the degree of sequence similarity at specific amino acids required for interaction between the infectious PrP Sc and the host's PrP C molecules [4, 5] . Variability at these sites can create 'host barriers', even between related species [5 -7] , although infection between distant species can also occur after long exposure times [4] . In fact, human fatalities during the 'mad cow crisis' resulted from the consumption of meat from cows that had been fed dietary supplements contaminated with sheep PrP Sc [8] . Thus, the prion's success in infecting different host species along a food chain is an evolutionary puzzle. A novel fish prion Genes encoding homologous prion proteins have been reported in all tetrapod groups, but not in 'lower' vertebrates or invertebrates [9] . To gain an evolutionary perspective on the origin, structure and function of prions, we searched genome databases for related loci. Using low stringency searches, we identified a 332-kilobase (kb) contig in the genome of the Japanese pufferfish Fugu rubripes (JGI_Scaffold_96, v3.0), containing a prion-like sequence. After correcting a sequencing mistake in the database record, which split the gene over two different reading frames, we confirmed that a single mRNA is transcribed from this locus by PCR amplifying and sequencing the corresponding open reading frame (ORF) from brain and liver cDNA (Fig. 1c) .
We also identified a 1.3-kb partial sequence (FS_contig_38492) in another pufferfish genome (Tetraodon nigroviridis). The two DNA sequences are 85% identical, and they constitute a novel fish PrP locus present in at least two genera of the family Tetraodontidae (pufferfish). We could not find any sequence or structural homologues in invertebrate databases, but we did identify a partial genomic sequence in the Urochordate Ciona intestinalis (Sea squirt, JGI_clone_LQW13995) that is very similar to known prion N termini, suggesting that the PrP gene probably originated at least at the base of the chordate lineage. Phylogenetic analysis of the globular domain in representative vertebrates shows marked clustering of the sequences according to taxonomic classes, where Fugu PrP is the most divergent and basal to all other sequences ( Fig. 2) . Within avian and mammalian classes, the globular domains are highly conserved (.90%) and apparently subject to strong negative selection (low K a /K s ratios of , 0.1). Sequence versus 3D structural similarities Although 3D structure data are available only for some mammalian prion proteins [9] , analysis of primary amino acid sequences indicates strong structural conservation within mammalian and avian classes alike (Fig. 1a) . Each PrP has a highly flexible N terminus [10] and a stable C terminus with the potentially pathogenic globular domain [11] . Paradoxically, inter-group comparisons among mammalian, avian, reptile and amphibian polypeptides reveal a sharp decrease in sequence identity, without loss of structural similarity. Therefore, homology between distantly related prion proteins cannot be proposed based solely on sequence similarity, without the use of a minimum set of structural landmarks. Accordingly, although the 461 aa fish prion polypeptide (Fugu PrP 461 ) reported here is only 22% similar in primary sequence to mammalian prions, it contains the characteristic N-terminal repetitive stretch, a hydrophobic motif and a C-terminal globular domain (Fig. 1b) . Moreover, 3D structural modelling predicts strong conservation of tertiary structure between Fugu PrP 461 and human PrP (Fig. 1b) .
Recently Suzuki et al. reported a 'prion-like protein' of only 180 aa in Fugu (PrP 180 ), which shows neither primary sequence nor structural similarity to any known prions [12] . Although it possesses a hydrophobic motif and an unrelated repetitive stretch, these elements are not in the same order as other PrPs (Fig. 1a) and it lacks the expected a-helix-rich globular domain at the C terminus. 
Molecular evolution and pathogenesis
Because the main structural domains of PrP genes are well conserved, it is possible to infer some of the changes that took place between lineages, despite the divergence between the primary sequences. These changes can, in turn, reveal functional evolutionary trends related to certain aspects of prion pathogenesis. For instance, the repetitive N-terminal domain within each vertebrate class contains a distinctive default number of degenerate repeats that share the same tetrapeptide as a basic unit (Fig. 3a) . From fish to human, the repeat units within one molecule have reduced in degeneracy, possibly by gene conversion and homogenization, and have increased their size in discrete steps, reaching a maximum of eight amino acids in mammals (Fig. 3a) . These mammalian 'octarepeats' (actually, two adjacent tetrapeptides) are crucial for self-assembly and aggregation of scrapie proteins, and they provide normal prions with the ability to bind copper ions [10,13 -15] . Interestingly, the N-terminal domain of Fugu PrP 461 is exceptionally rich in repeats (23 in total), with high levels of sequence degeneracy and ranging in size from 4 to 17 aa. Although the precise aggregation and copper-binding properties of non-mammalian PrPs remain to be examined, it is noteworthy that scrapie pathogenicity, which depends largely on the prion's ability to selfaggregate [16 -18] , has been observed only in animals with octarepeats at their PrP C N termini (i.e. mammals). Comparative analysis of the more conserved C-terminal , respectively [2] [3] [4] [5] [6] [7] . Of nine A-type residues, only one (position 215) is conserved in all vertebrate groups, whereas the remaining eight show variability patterns that generally correlate with vertebrate class groupings (Fig. 3b) . Likewise, of all C-type residues (position 96 -167), the first half are conserved with exception of Fugu and the other half are specific for each vertebrate group (Fig. 3b) . Thus, PrP Sc s could fail to convert PrP C s across vertebrate classes because of molecular incompatibility at specific contact sites, regardless of self-aggregation properties encoded at the N-terminal domain.
Together, the evidence presented here links discrete patterns of prion molecular evolution with important changes in their pathogenic properties. Particularly, changes at the N-and C-terminal domains could help explain why scrapie pathogenesis and transmission seem exclusive to mammals. Our discovery of a novel prion gene in fish, and possibly in a Urochordate, places the origin of prions in a common ancestor of all vertebrates, at least 550 million years ago. Moreover, our comparative analysis of PrP C amino acid sequences reveals rapid rates of molecular evolution at the base of the vertebrate radiation without significant losses in protein structure, followed by a reduction in the effective substitution rates within each vertebrate class. The implications of these findings can now be tested experimentally. 
